It has been observed in this laboratory (15) that the normally polar distribution of callus growth on tobacco stem explants becomes non-po'ar in the presence of low levels of 2,3,5-triiodobenzoic acid (TIBA), while the amount of callus growth is not diminished. It was thought that this phenomenon might reflect a specific inhibition by TIBA of the polar transport of auxin. Subsequent studies (10, 11, 13) were carried out to test this hypothesis. TIBA was found (13) to inhibit transport of indole-3-acetic acid (IAA) Because two substituted benzoic acids had been shown to prevent auxin transport at concentrations less than those required to inhibit growth, and because these compounds have been studied extensively for auxin activity (8, 9, 20) , it was thought to be of interest to screen a number of them for this apparently specific effect on polar transport, as shown by their influence on the growth and distribution of callus on tobacco stem explants.
It has been observed in this laboratory (15) that the normally polar distribution of callus growth on tobacco stem explants becomes non-po'ar in the presence of low levels of 2,3,5-triiodobenzoic acid (TIBA), while the amount of callus growth is not diminished. It was thought that this phenomenon might reflect a specific inhibition by TIBA of the polar transport of auxin. Subsequent studies (10, 11, 13) were carried out to test this hypothesis. TIBA was found (13) to inhibit transport of indole-3-acetic acid (IAA) in the classical Went (23) 2- bromo-3,5-dichlorobenzoic acid, -y-phenvlbutyric acid, 2,4-dichlorophenoxy acetic acid (2,4-D) , and phenylacetic acid (10) . The inhibitory effects on polar IAA transport by TIBA and 2,4-D have been independently confirmed by Hay (4) and by Zwar and Rijven (24) . Another instance of apparent inhibition of IAA transport by TIBA has been reported by Kuse (6) , who measured axillary bud growth and petiole extension in Ipomoea explants (consisting of a section of stem containing 1 node and its leaf) after 7 days' growth in nutrient solution. Bud growth was inhibited by the intact leaf, or by IAA applied to the cut end of a debladed petiole. TIBA applied midway along the petiole permitted bud growth on explants having either auxin source. The portion of the petiole distal to the TIBA was reported to have grown more than the proximal part. Kuse suggested that both effects resulted from accumulation of auxin above the point of TIBA treatment, as though transport had been prevented.
Because two substituted benzoic acids had been shown to prevent auxin transport at concentrations less than those required to inhibit growth, and because these compounds have been studied extensively for auxin activity (8, 9, 20) , it was thought to be of interest to screen a number of them for this apparently specific effect on polar transport, as shown by their influence on the growth and distribution of callus on tobacco stem explants.
As two of the TIBA analogs (2-hydroxy-and 2- 
METHODS AND MATERIALS
Stem tissue of Nicotiana tabacumiit L. var. Wisconsin 38 was cultured in 125-ml Erlenmeyer flasks each containing 50 ml of medium, as described by Niedergang-Kamien and Skoog (13) . The external portion was stripped off down to the cambium in order to expose aseptic tissue; thus the cultured pieces contained part of the cambium, xylem, internal phloem, and pith. Into each flask was placed either a single cylinder or 3 segments obtained by cutting the cylinders tangentially.
The basal medium was the modified White's mineral salts-sucrose-agar medium described by Skoog and Tsui (16) . The concentration of KH2PO4 was tripled (37.5 mg/l), and the iron source was NaFe-Sequestrene (25 mg/l NaFe-ethylenediaminetetraacetic acid). The chemicals to be tested were prepared as alkaline 7.5 X 10-M stock solutions, and diluted to give final test concentrations of 5 X 10', 1 X 10-4, 1 X 10', and 1 X 106 M. Each diluted solution was adjusted to pH 6.1 with HCl before autoclaving. To detect auxin inhibitors, the 1 X 10-4 and 1 X 10-5 M concentrations were tested also in the presence of 1 x 10-5 M IAA, and in most experiments cultures supplied with 2 X 10-M TIBA were included as checks. In order to avoid thermal decomposition, the 2,5-diiodobenzoic acid and 2,4-dihydroxybenzoic acid were filter-sterilized and added aseptically to the autoclaved basal medium.
As a standard procedure, 7 replicate flasks with segments and 8 flasks with cylinders were used for each concentration of the test compound. Observa-PLANT PHYSIOLOGY tions were made periodically and sample tissue pieces were photographed after 3 to 8 weeks. A record was made of the amount and distribution of callus growth, and the amount of pith enlargement obtained. Cylinders sometimes reveal subtler effects on polarity than do segments (13) ; however, in the present work, the cylinders yielded no information not also observed in the segments, hence only the latter are illustrated. The effects of active chemicals on callus growth and distribution were striking, and were clearly seen in visual comparisons between treatments, as is evident from figure 3. Data for inactive compounds are summarized here in tabular form only; detailed photographic records of all experiments are found in (5) .
The distribution of added IAA in tobacco stem sections after transport was determined by a modification of the method of Niedergang-Kamien and Skoog (13) . Tobacco stems, decapitated and stripped of all but the upper 3 well-expanded leaves, were placed in a large beaker containing a 10 mg/l solution of IAA, set before an electric fan, and uptake via the transpiration stream was allowed for 1 hour. The stems were then cut into 1-cm sections and placed in a moist chamber for 2 hours to permit transport. The sections rested across shelves made of two 3-mmll glass rods cemented together at the ends. This arrangement permittedl the sections to touch the glass tangentially at only 2 points and thus prevented formation of a continuous moisture film between the glass and the tissue which might serve as a pathway for auxin diffusion. After transport, the apical half of each segment was remiioved and cut into 5 parts. These were pooled and extracted for 3 hours with ether. The basal half was cut into 1-cmn sections which were pooled separately by position and also extracted as above. The extracts were chromatographed in isopropanol: ammonia: water, 10: 1: 1 (18), eluted with water, and the concentration of IAA in the eluate determined colorimetrically with the FeCl3-HCl04 modified Salkowski reagent (2) .
The experiments with IAA labelled in the methylene carbon with C'4 were carried out as follows. Seedlings of Phaseoluis vuilgaris L. var. Kentucky Wonder were grown in the light for 6 to 8 days. From each hypocotyl a 2-cm section was removed, the apical end being 5 mm below the cotyledonary node. The apical half of the section was marked with an India ink dot applied 3 mm apically from the center. Forty sections per treatment were immersed in a layer of solution about 2 mm deep (4 ml in a 5-cm Petri dish) and uptake was permitted for 3 hours. To avoid complications from surface contamination and handling, the sections were rinsed upon removal from the solution and blotted dry, and a 5-mm section was removed from each end, so that only the central 1-cm portion was used for measurements. Half of the 1-cm sections were cut at once into 2-mm lengths, and half were placed in a moist chamber for 2 hours to permit transport before cutting. In the moist chanmber the tissues were placed on glass rod shelves as described above for the tobacco experiment. After cutting, the sections from each position (apex to base) were pooled in a vial.
In early experiments the sections were simply dried, purpose of the experiment was primarily to show the distribution. An approximate minimum value based on standards run at the same time is 4 ,ug/g dry wt.
To determine if continuous auxin production occurs in cultured tobacco stem sections, the basal ends of 2 groups of peeled segments were renmoved after 3 hours; fronm 1 group, an additional basal portion was removed after 6 hours. All the pieces were subsequently cultured for 36 days. The results are shown in figure 2 . If callus growth depended solely on endogenous auxin initially present, one would expect callus growth only on the basal ends which were cut off, as they should have contained all the auxin after 2 to 3 hours. However, callus growth occurred on all pieces, and the amount on the pieces cut after 6 action on polarity. The uncoupling agents did markedly inhibit the cell enlargement of the pith tissue which occurs in the presence of added IAA (table II ) . The relative inhibition is indicated by the number of (-)   TABLE II  EFFECT OF THE COMPOUNDS LISTED IN TABLE I ON PITH  ENLARGEMENT OF TOBACCO STEM TISSUE CULTURED IN  VITRO IN THE PRESENCE 
KEITT AND SKOOG-CALLUS GROWTH IN STEM EXPLANTS
signs and is based on the extent of inhibition at the 2 levels tested. Differences within each group are not considered important, except that 2,6-dibromo-4-nitrophenol appeared to be the most toxic of all the compounds tested.
It is of interest that the 2-bromo-and 2-iodo-derivatives were stronger growth inhibitors than their 3-and 4-substituted isomers, which is consistent with the view of Muir and Hansch (8) that displacement of an electron-attracting substituent in one of the ortho positions is involved in the growth reaction induced by benzoic acids. The disubstituted benzoic acids with substituents in the 4-position were growthinhibiting, except 2,4-dihydroxybenzoic acid. Veldstra (21 ) has reported that substituents larger than fluorine in the 4-position rendered the benzoic acids inhibitory or inert with respect to coleoptile elongation or pea stem curvature.
Preliminary experiments in which other criteria were used to test for transport inhibition were performed with 2,6-dichloro-and 2,5-dibromobenzoic acids. The results wvere in agreement with the culture experiments. These tests included the release of apical dominance in bean seedlings, and the direct measurement of IAA extracted from tobacco stem sections before and after transport.
The results of a typical experiment to test the effect of TIBA on the distribution of IAA-a-C'4 in bean hypocotyl sections before and after transport are shown in figures 4 and 5. In figure 4 is shown the total activity in 2-nmm sections from each position, before and after transport, and the 95 % confidence limits. The significant feature is the increase in radioactivity in the basal 2 mmn of the control sections after transport, and the lack of any such increase in the presence of TIBA. This difference is emphasized in figure  5 , in which the activity before transport has been subtracted from that after. No significant change occurred in the TIBA-treated tissue, whereas marked transport occurred in the controls. Figure 4 also shows that less radioactivity was found in the central 2-mm portion than at the ends, in both treated and control populations. Two possible explanations are: 1), that auxin destruction at the cut surfaces causes non-transportable breakdown products to accumulate at the ends, or 2), that more auxin can enter the tissue via the cut ends than via the epidermis. Although auxin destruction at cut surfaces is a wellknown phenomenon (17) , the tinle for such action was limited because in the "before transport" treatment the cut ends which had been in contact with the solution were removed immediately before the central 1-cm sections were cut into 2-mm lengths. Even so, the counts were higher in the apical portion than in the central ones. The second alternative is supported by the findings of Thimann and Schneider (19) that IAA enters Avena coleoptiles more rapidly through cut surfaces than through the epidermis. However, the subject of differential permeability has been much discussed (14, 19) and some indirect evidence has been presented for increased permeability at the intact side of slit pea stems (14) .
Various studies have established that the polar auxin transport mechanism expends metabolic energy (1, 3, 22) and is, in fact, inhibited by compounds which interfere with respiration or energy transfer. These findings have been reviewed and extended by Niedergang-Kamien and Leopold (12) , who report that polar auxin transport can also be inhibited by certain sulfhydryl-binding compounds at concentrations which do not inhibit growth or respiration. They suggest that the inhibition of transport is of a more specific type. Because TIBA has been reported to bind sulfhydryl groups (7) , and other sulfhydryl reagents have been shown to inhibit auxin transport (12) , the action of TIBA on transport may indeed involve sulfhydryl binding. However, a number of other auxinlike compounds have been found to inhibit auxin transport. In addition to those reported by NiedergangKamien and Skoog (13) , and those described here, Zwar and Rijven (24) have reported that 2,4-dichlorophenoxypropionic, 2,4-dichlorophenoxybutyric, 2,4,6-trichlorophenoxyacetic, and indole-3-propionic acids inhibit the transport of IAA through bean hypocotyl segments. Compounds found inactive by Zwar and Rijven were p-chlorophenylisobutyric acid, 2,4-dichloroanisole, coumarin, o-isopropyl-N-phenylcarbamate, indole, indole-3-acetonitrile, and phenvlacetic acid.
Although supporting experiments (e.g., direct analyses) are needed to establish the point, the effects on callus growth and distribution of 2,6-dichlorobenzoic acid, 2,5-dibromobenzoic acid, and 2,3,6-trichlorobenzoic acid so closely resemble those of TIBA as to suggest that inhibition of auxin transport is involved in all cases. The growth of callus indicates that concentrations of these compounds which stop polar distribution do not interfere with respiration or energy transfer. Although further work is needed to determine if these auxin-like transport inhibitors also involve sulfhydryl binding or function by other mechanisms, the high degree of structural specificity found in the experiments reported here suggests that auxin transport has a stereochemical aspect, perhaps involving competition for "carrier" or "transport" sites, as has been postulated in a general sense by Niedergang (10) and by Zwar and Rijven (24) to account for the facts 1) that so few auxins are actively transported, and 2) that none has been found to be transported nearly as rapidly as IAA.
SUM MARY
The capacity of tobacco stem segments to transport polarly many times the endogenous levels of IAA was shown by the distribution in segments after 2 hours of transport. Presumptive evidence for continuous auxin production and transport by cultured tobacco stem explants was obtained.
Twenty-nine compounds, mostly substituted benzoic acids, were tested on tobacco stem explants for their effect on callus growth and distribution. Three compounds, 2,3,6-trichloro-, 2,6-dichloro-and 2,5-dibromobenzoic acids, were highly active in causing apolar distribution of callus growth, and 2,5-diiodobenzoic
